GTPase activity and therefore minimal subunit cycling, was shown here to assemble one-stranded protofilaments, and the 17 assembly was blocked by SulA. We also assayed the SulA and FtsZ proteins from Pseudomonas. The SulA inhibition was stronger 18 than with the E. coli proteins, and the model indicated a 5-fold higher affinity of Pseudomonas SulA for FtsZ.
association of SulA and FtsZ was of modest affinity. Isothermal titration 10 calorimetry gave a value of 0.78 μM for the dissociation constant of the SulA complex, similar in magnitude to the 0.72 μM critical concentration of FtsZ 12 protofilament assembly at steady state. We modeled the reaction as an 13 equilibrium competition between (a) FtsZ subunits assembling onto protofila-14 ments or (b) binding SulA. When FtsZ was assembled in GMPCPP or in EDTA, the inhibition of SulA was reduced. The 15 reduced inhibition could be explained by a 3-and 10-fold weaker binding of SulA to FtsZ. The mutant D212G, which has no 16 GTPase activity and therefore minimal subunit cycling, was shown here to assemble one-stranded protofilaments, and the 17 assembly was blocked by SulA. We also assayed the SulA and FtsZ proteins from Pseudomonas. The SulA inhibition was stronger 18 than with the E. coli proteins, and the model indicated a 5-fold higher affinity of Pseudomonas SulA for FtsZ. 19 F tsZ is a bacterial tubulin homologue and the major 20 cytoskeletal protein involved in bacterial cell division. It 21 assembles short, one-stranded protofilaments in vitro, and these 22 are further assembled into a Z ring, which is tethered to the 23 membrane at the site of cytokinesis. FtsZ provides not just the 24 cytoskeletal framework, but also generates the constriction 25 force, probably by a mechanism of protofilament bending. SulA is a small protein induced as part of the SOS response 31 to DNA damage in Escherichia coli and related Gram-negative 32 bacteria. SulA binds to FtsZ and blocks cell division until the 33 DNA is repaired and SulA is proteolyzed. 6−9 E. coli SulA 34 protein is unstable in most in vitro conditions tested, but can be 35 produced as a fusion with maltose binding protein (MBP). 10 In 36 this original study MBP−SulA was toxic to E. coli in vivo 37 (demonstrating activity) and bound to FtsZ in vitro, but 38 appeared not to inhibit FtsZ GTPase activity. 10 Two later 39 studies provided convincing evidence that SulA fusion 40 proteins inhibited FtsZ GTPase, but only about 50% at a 1:1 41 stoichiometry.
11,12 42
In contrast to the instability of E. coli SulA, SulA from 43 Pseudomonas aeruginosa can be expressed and purified as a 44 soluble protein. A crystal structure of the complex of PaFtsZ 45 and SulA (for clarity we will prefix the FtsZ with Ec or Pa 46 where needed) showed the SulA bound to the bottom of 47 FtsZ. 13 The SulA made contact with the NxD of the synergy/ 81 sequestration mechanism. Dajkovic et al. 14 concluded that 82 inhibition by SulA only occurred when FtsZ was cycling 83 subunits following GTP hydrolysis, and proposed a model 84 based on two conformations of FtsZ. We have discussed 85 potential problems with this model elsewhere.
86
The mutant D212G has almost no GTPase activity, and one 87 would predict from the above conclusion that it would be 88 insensitive to SulA inhibition. However, D212 (the last D in the 89 NxDxxD sequence) is outside the FtsZ−SulA interface, 13 Isothermal Titration Calorimetry (ITC). The FtsZ−SulA 187 binding affinity was measured at 25°C using a Microcal VP-188 ITC microcalorimeter (MicroCal Inc., MA). The samples were 189 prepared in the HMK or MEK buffer and degassed using a 190 Microcal ThermoVac. The sample cell contained 1.45 mL of 191 3 μM SulA, and each titration was 10 μL of 30 μM FtsZ. The 192 titration data were fitted using the "one set of sites model" 193 MicroCal software package to calculate the binding affinity.
194
The 30 μM FtsZ-GDP in the syringe would be expected to 195 assemble into short, isodesmic oligomers. 24 When these are 196 diluted into the sample chamber they will disassemble, and this 197 will have its own heat of reaction. However, since the FtsZ is 198 immediately sequestered by the excess SulA, the concentration 199 of free FtsZ in the sample chamber will remain low and the heat 200 from the disassembly of GDP-FtsZ oligomers will be identical 201 for each injection. This can then be ignored in the titration of 202 SulA.
203
Assembly and SulA Inhibition in DEAE Dextran. In 204 HMK buffer, 5 μM wild type FtsZ or the mutant D212G was 205 mixed with 0, 5, or 10 μM SulA, and 0.1 mg/mL DEAE 206 dextran, and assembly was initiated by adding 1 mM GTP. 207 After 2 min, the samples were centrifuged at 20000g for 15 min, 208 and the supernatants and pellets were run on 10% SDS−PAGE.
■ RESULTS

210
Inhibition of FtsZ by SulA from E. coli. 
225
The assembly of FtsZ is accompanied by hydrolysis of GTP, 226 and GTPase activity provides an alternative assay of assembly.
227
To explore the inhibition more quantitatively, we assayed the Table 1 .
258
The ATTO quenching assay provided a means to measure 259 the inhibition of assembly by SulA in GMPCPP and in EDTA. 260 In both cases the effect of SulA was primarily to shift the 261 CcApp. In GMPCPP, the CcApp were also shifted by SulA, but 262 the shifts were less than for assembly in GTP (Figure 3d ). In 263 MEK buffer (without Mg), the Cc without SulA was much 264 higher, 2.47 μM, and the shifts in SulA were even smaller 265 (Figure 3e ). These results confirmed the EM observation, 266 which showed a major inhibition of assembly in GTP, 267 somewhat less inhibition of assembly in GMPCPP, and only 268 a modest inhibition of assembly in EDTA. The reduced 269 inhibition in MEK buffer was due to the absence of Mg, not the 270 pH, since we found inhibition was similar at pH 7.7 and 6.5 in 271 5 mM Mg. 272 The experiments in Figure 3 measured the inhibition of 273 assembly when FtsZ was premixed with SulA. We next assayed 274 the ability of SulA to disassemble preassembled protofilaments. 275 Figure 4 compares the disassembly induced by SulA, to that 276 induced by excess GDP. Disassembly of the Mg-GTP polymers 277 occurred in ∼10 s (this is the time to 1/e of the final plateau, 278 from an exponential fit), while disassembly of GMPCPP and 279 EDTA polymers took ∼20 s, consistent with their reduced 280 subunit exchange. In all cases, the extent of disassembly was 281 somewhat less for SulA than for GDP, and this difference was 282 larger for EDTA, consistent with reduced inhibition seen by 283 EM. Importantly, the kinetics of disassembly induced by GDP 284 and SulA were identical in each case. We have previously 285 interpreted GDP-induced disassembly to be a sequestration 286 mechanism, 17,21 so this suggests a similar mechanism for SulA.
287
Direct Measure of K A for FtsZ−SulA Binding by ITC. All 288 of these results suggest that the mechanism of inhibition 289 involves SulA binding to FtsZ monomers and blocking them 290 from assembly. To understand the mechanism quantitatively, 291 we need to know the association constant for SulA binding 292 FtsZ. Below we will deduce this indirectly, but for a direct 293 measure we turned to ITC. Figure 5 shows the data and the 294 fitting, which gave a showed that these were only a small fraction of the total FtsZ.
306
The helices had a diameter of about 15 nm and a pitch of about 307 19 nm. These helices are similar to but smaller than the helices 308 assembled by EcFtsZ in DEAE-dextran, which had a diameter 25 Also, these helical 310 polymers assembled without stabilization by DEAE dextran.
311
When GTP was added, the PaFtsZ assembled thin 312 protofilaments very similar to those of EcFtsZ (Figure 6a) . 313 EM showed that PaSulA strongly inhibited the assembly of 314 PaFtsZ, virtually eliminating the protofilaments (Figure 6b) . 315 Unlike EcFtsZ, PaFtsZ assembled poorly in the MEK buffer. 316 EM also showed that PaFtsZ could assemble into long 317 filaments in GMPCPP, and this assembly was also inhibited 318 by a 2-fold excess of SulA, but not as strongly inhibited as in 319 GTP. 320 We next assayed the GTPase activity of PaFtsZ in various 321 concentrations of PaSulA. In the absence of SulA PaFtsZ 322 hydrolyzed ∼7.8 GTP per min (Figure 7a ), slightly higher than 323 the 6.7 GTP per min of EcFtsZ (each of these values is from 324 the slope of the curve above the Cc). Increasing concentrations 325 of SulA progressively inhibited the GTPase, primarily by 326 increasing the CcApp, the same as for EcFtsZ. The shifts were 327 larger than in the E. coli system, indicating a stronger binding of 328 PaSulA to PaFtsZ. 329 We then used a FRET assay to determine the kinetics of 330 filament disassembly by PaSulA. PaFtsZ has two cysteines, but 331 we found that labeling either of them with a fluorophore 332 blocked assembly. We therefore changed both cysteines to To examine D212G filament disassembly, we used the 359 ATTO 655 quenching assay. For these assays, 10% ATTO 655 360 labeled FtsZ (T151C Y222W) was mixed with 90% unlabeled 361 D212G. The ATTO-labeled FtsZ is below the Cc for assembly, 362 so it only reports coassembly with D212G; the assembly will 363 therefore be dominated by D212G. Filament assembly was 364 initiated by the addition of GTP (Figure 8d) . Once a steady 365 state was reached, either GDP or SulA was added and the 366 disassembly was monitored by a decrease in ATTO 655 367 fluorescence. Similar to wild-type FtsZ, the disassembly of 368 D212G was slightly less in amplitude for SulA than for GDP. 369 Importantly, the disassembly rates were the same. These results 370 suggest that SulA and GDP initiate disassembly of the GTPase-371 dead D212G by a similar mechanism.
372
We also used the ATTO 655 quenching assay to measure the Cc 373 of D212G and the CcApp of D212G and SulA (Figure 8e ). The Cc 374 of D212G was 2.2 μM, significantly higher than that of wild type 375 FtsZ. The CcApp increased to 4 μM in the presence of 3 μM SulA. 376 Finally, we tested the ability of SulA to inhibit assembly 377 stabilized by DEAE dextran. Figure 8f shows 
(1) 410 [Z] is the concentration of free FtsZ subunits at steady state, 411 not bound to SulA, and is equal to Cc. 
416 Inserting 1 and 3 into eq 2 417 We can now write 418 We can now use eq 6 to calculate K AS for each value of in Table 1 , where we have used K DS = 1/K AS in units μM. 430 We should also note that during our ITC measurement, no 431 GTP was added and FtsZ should be monomeric with a small 432 excess of GDP. This suggests that SulA binds to FtsZ with 433 similar affinity in the GDP and GTP bound states.
434
The reduced inhibition by SulA for assembly in GMPCPP or 435 EDTA can be explained by a reduced affinity for binding SulA 436 in these conditions. The binding affinity of SulA for EcFtsZ 437 appears to be reduced 3−4 fold for assembly in GMPCPP and 438 for assembly of D212G, and is reduced more than 10-fold in 439 EDTA (Table 1) . This is consistent with our inability to 440 measure a K AS by ITC in EDTA and explains why SulA only 441 weakly inhibits FtsZ assembly in EDTA. Finally the affinity of 442 SulA for PaFtsZ is 3−5 fold higher than for EcFtsZ.
443
■ DISCUSSION 444 Our work is consistent with the model that SulA inhibits FtsZ 445 by binding to the assembly site of FtsZ subunits and 446 sequestering them from the assembly reaction. We add one 447 important parameter not previously considered − the 448 association constant K AS for the reversible binding of SulA to 449 FtsZ. For EcFtsZ assembly in HMK with GTP, this is the same 450 order of magnitude as the binding of FtsZ subunits to 451 protofilament ends, so the assembly needs to be treated as a 452 competition of these two reactions. Importantly, the K AS 453 measured by ITC is very close to that deduced from the 454 model for EcFtsZ assembly in GTP. 
